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WAVELENGTH DIVISION MULTIPLEXED DEVICE 

FIELD OF INVENTION 

[001] The present invention is directed to a device for use with multiple channel optical 
conununications, and more particularly to a device that is useful for multiplexing/demultiplexing, 
channel monitoring and add/drop filtering. 

BACKGROUND 

[002] One of the advantages of optical fiber communication is the potential for large 
information handling capacity. One approach to increasing the optical bandwidth over which 
infomiation is transmitted in an optical fiber is to use wavelength division multiplexing (WDM) 
or dense wavelength division multiplexing (DWDM), where light at several different 
wavelengths is combined and injected into a fiber, the light at each wavelength typically being 
independently modulated with information prior to combining with the other wavelengths. After 
propagation through the fiber, the lig^t is then separated into its different wavelength 
components before detection. 

[003] As used herein, the term WDM includes DWDM, The Intemational Telecommunications 
Union (ITU) has set different WDM standards, that specify the operating wavelengths for the 
different WDM components, also known as channels. Under these standards, the separation 
between adjacent WDM channels is typically a fixed firequency. For example the int»-channel 
spacing may be 100 GHz or 50 GHz. 
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[004] More infonnatioii may be transmitted over a fixed bandwidth when the channel 
separation is smaller, since more channels can fit into the fixed bandwidth. However, it becomes 
increasingly difficult to midtiplex or demultiplex the WDM channels when the frequency 
separation is smaller. As the pressure for increased fiber information capacity increases, the 
requirements for Hiat optical WDM components can handle increasing dense multiplexing also 
increases. 

[005] The transmission of a multiple channel signal along a fiber link often introduces 
wavelength dependent losses or gains, resulting in nonuniform channel power. It is important to 
be able to monitor the power in different chaimels using a channel monitor. 
[006] Furthermore, a complex commimications network typically does not consist only of point 
to point links, but includes one or more local loops branching off main trunk fibers. Such local 
loops permit smaller communities to be attached to the commimications network while the trunk 
fiber passes between major cities. The trunk fiber includes add/drop multiplexers that select one 
or more channels propagating along the trunk fiber and that add channels to the trunk fiber. 
Several approaches to add/drop multiplexing are fixed, and permit no change in the selected 
channel. 

SUMMARY OF THE INVENTION 
[007] Generally, the present invention relates to a WDM device that is based on the use of at 

least two transmissive difi&action elements. The WDM device provides flexible use and may be 

widely applied in WDM systems. The device is usefiil for multiplexing and demultiplexing, 
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channel monitoring, and for adding and dropping channels. The device provides 
progranunability in use as an add/drop multiplexer. 

[008] In one particular embodiment, the invention is direction to a wavelength division 
multiplexing device that has a first multiple chaimel port and a plurality of single channel ports. 
A dif&action unit is disposed between the first multiple channel port and the plurality of single 
channel ports. The diffiraction unit includes at least first and second transmissive diffraction 
elements, and defines wavelength-specific optical paths between the first multiple channel port 
and respective single channel ports of the plurality of single channel ports. 
[009] Another embodiment of the invention is directed to an optical communications system 
that includes an optical transmitter, the optical transmitter transmitting a multiple channel 
communications signal; an optical receiver to detect optical signals carried in multiple optical 
chaimels; and a fiber-optic communications link coupled to transport the multiple chaimel 
communications signal firom the optical transmitter to the optical receiver. One of the optical 
transmitter, the optical receiver and the fiber-optic communications Unk includes a multiple 
wavelength device. The multiple wavelength device has a first multiple channel port and a 
plurality of single channel ports. The diffraction unit includes at least first and second 
transmissive diffraction elements, and defines wavelength-specific optical paths between the fibrst 
multiple chaimel port and respective single chaimel ports of the plurality of single channel ports. 
[0010] Another embodiment of the invration is directed to a method of analyzing a multiple 
channel communications signal. The method includes diE&acting the multiple channel 
conununications signal with a first transmission diffiraction element, and diffracting light fix>m 
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Hie first transmission diffracting element with a second transmission diffraction element. The 
method also includes focusing light from the second transmission diffraction element so as to 
separate individual channel t)e|mis at respective single channel ports. 
[0011] Another embodiment of the invention is directed to a system for analyzing a multiple 
channel communications signal. The system includes means for diffracting tibte multiple channel 
communications signal with a first transmission diffraction element and means for diffracting 
light from the first transmission diffracting element with a second transmission diffraction 
element. The system also includes means for focusing light from the second transmission 
diffiraction element so as to separate individual chaimel beams at respective single channel ports. 
[0012] Another embodiment of the invention is directed to a method of combining 
conimimications channels to produce a multiple communications signal. The method includes 
diffracting at least first and second communications chatmel beams with a first transmission 
diffraction element diffracting the first and second conamunication channel beams with at least a 
second transmission diffraction element so that the at least first and second communications 
channel beams are spatially overlapped and propagating along a conunon direction. 
[0013] Another embodiment of the invention is directed to a device for combining 
communications channels to produce a multiple communications signal analyzing a multiple 
channel communications signal. The device includes means for diffracting at least first and 
second conamimications chaimel beams with a first transmission diffraction element; and means 
for diffracting the first and second communication channel beams with a second transmission 
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dif&action element so that the at least first and second communications channel beams are 
spatially overlapped and propagating along a common direction. 

[0014] Another embodiment of the invention is directed to an optical system that includes a 
firame having first and second members. The first member has a plurality of first slots across a 
first face opposing the second member, and the second member has a plurality of corresponding 
second slots across a second face opposing the first member. The system also includes a 
plurality of plates, a first side of each plate being positioned in a first slot and a second side of 
each plate being positioned in the second slot corresponding to the respective first slot. Optical 
elements are mounted on the plurality of plates in positions to form an optical path in the optical 
system. 

[0015] Another embodiment of the invention is directed to a method of assembling an optical 
system. The method includes mounting optical elements on respective plates having first and 
second opposing edges and mounting each plate in corresponding slots on first and second 
members of a firame so as to passively aUgn the optical elements, thus forming the optical system. 
[0016] The above summary of the present invention is not intended to describe each illustrated 
embodiment or every implementation of the present invention. The figures and the detailed 
description which follow more particularly exemplify these embodiments. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0017] The invention may be more completely understood in consideration of the following 

detailed description of various embodiments of the invention in connection wifli the 

accompanying drawings, in which: 
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[0018] FIG. 1 schematically illustrates a £iber optical communications network; 

[0019] FIG. 2 schematically illustrates a double transmission grating multiplexer according to an 

embodiment of the present invention; 

[0020] FIG. 3 is a schematic cross-sectional view of one embodiment of a transmission gmting, 
according to the invention; 

[0021] FIG. 4 is a schematic cross-sectional view of a second embodiment of a transmission 
grating, according to die invention; 

[0022] FIG. 5 is a schematic cross-sectional view of a third embodiment of a transmission 
grating, according to the invention; 

[0023] FIG. 6 schematically illustrates a double transmission grating channel monitor according 
to an embodiment of the present invention; 

[0024] FIG- 7 schematically illustrates a system for controlling spectral flatness in a DWDM 
signal v^mg the channel monitor illustrated in FIG. 6; 

[0025] FIG. 8 schematically illustrates a double transmission grating optical add/drop 
multiplexer according an embodiment of die present invention; 

[0026] FIGS. 9A and 9B schematically illustrate a MEMS transmission switch in reflective and 
transmissive states respectively; 

[0027] FIG- 10 illustrates the add/drop multiplexer of FIG. 8 connected to a fiber network; 
[0028] FIG. 1 1 schematically illustrates a reflective add/drop multiplexer of the present 
invention connected to a fiber network; 
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[0029] FIGS. 12A and 12B schematically illiistrate optical paths within a reflective add/drop 
multiplexer of an embodiment of the present invention with a switch in first and second 
activation states respectivelyj 

[0030] FIG. 13 schematically illustrates input and output coupling optics of an embodiment of a 
reflective add/drop mtdtiplexer of tiie present invention; 

[0031] FIGS. 14A and 14B schematically illustrate an embodhnent of a MEMS reflection switch 
in first and second activation states respectively; 

[0032] FIGS. 15A and 15B schematically illustrate optical paths within a reflective add/drop 
multiplexer of another embodiment of the present invention, with a switch in first and second 
activation stales respectively; 

[0033] FIG. 16 schematically illustrates input and output coupling optics of another embodiment 
of a reflective add/drop multiplexer of the present invention; 

[0034] FIGS. :i7A and 17B schematically illustrate another embodiment of a MEMS reflection 
switch in first and second activation states respectively; 

[0035] FIG. 18A and 18B schematically illustrate equivalent optical paths tiirough embodiments 
of a reflective add/drop multiplexer according to the present invention, having common and 
separate focusing elements respectively; 

[0036] FIG. 19 shows a plot comparing dispersions in the light dispersed region using spherical 
and aspheiical focusing components; and 

[0037] FIG. 20 illustrates an embodiment of the invention using aspherical focusing components; 
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[0038] FIG. 21 schematically iUiistrates a double transmission grating device according to the 
present invention that uses a transmissive focusing system for focusing light firom the 
transmission gratings to the light dispersion region; 

[0039] FIG. 22 schematically illustrates an embodiment of a transmission grating device that has 
two output ports, according to the present invention; 

[0040] FIG. 23 schematically illustrates a double transmission grating device that has three 
transmission gratings, according to the present invention; 

[0041] FIG. 24 schematically illustrates an embodiment of a double transmission grating device 

that includes a polarization separator according to the present invention; 

[0042] FIGS. 25A and 25B schematically illustrate an embodiment of a mechanical frame for 

assembling a double transmission grating device according to the present invention; 

[0043] FIGS. 26 and 27 schematically illustrate another embodiment of a mechanical frame for 

assembling a double transmission grating device according to the present invention; 

[0044] FIG. 28 schematically illustrates another embodiment of a double transmission grating 

device that includes a polarization separator according to the present invention; 

[0045] FIG. 29 schematically illustrates cross-section CC of the device illustrated in FIG. 28; 

[0046] FIG. 30 schematically illustrates an embodiment of dual transmission difiBraction gratings 

that provide high difi&action e£5ciency to randomly polarized light; 

[0047] FIG. 3 1 schematically illustrates an embodiment of a device according to the present 
invention having multiple input and output ports; 
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[0048] FIG. 32 illustrates a multiple position optical switch for use with the embodiment of 
device illustrated in FIG. 3 1 ; 

[0049] FIG. 33 schematically illustrates equivalent optical paths through tiie device illustrated in 
nG.31; 

[0050] FIG. 34 schematically illustrates an embodiment of the present invention that uses a 

dif&active optical element for focusing light as well as dispersing light; and 

[0051] FIGS. 35 A — 3SC schematically illustrate approaches to mounting an electronic circuit in 

the embodiment illustrated in FIGS. 26 and 27 according to the present invention. 

[0052] WhUe the invention is amenable to various modifications and altCToative forms, specifics 

thereof have been shown by way of example in the drawings aad will be described in detail. It 

should be understood, however, that the intention is not to limit the invention to tiie particular 

embodiments described. On the contrary, the intention is to cover all modifications, equivalents, 

and alternatives falling within the spirit and scope of the invention as defined by the appended 

claims. 

nF.TAn.FJ> nKSCRIPTION 
[0053] The present invention is applicable to transmission grating spectrometers, and is believed 

to be particularly useful in dense wavelength division multiplexed (DWDM) applications for 

optical communications. 

[0054] DWDM cortmiunicatioiis systems use several channels of light at different optical 

frequencies. According to the ITU standards, the chaimels are evenly spaced by frequency. 

Thus, the mth channel has a frequency given by Vo + mAv, where Vo is a lowest channel 
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frequency, Av is the channel separation and m is an integer value ranging £rom 0 to mo, the upper 
value. The value of mo may be any suitable number, for example 19, 39, 79, or higher. 
According to commonly used ITU standards, the chaimel separation, Av, may be, amongst other 
values, 100 GHz or 50 GHz. In the following discussion, the different DWDM channels are 
described in terms of both frequency and wavelengdi. It will be appreciated that each channel 
has a unique wavelength and frequency given through the relationship Vm- = c, where Vm and 
Xm are, respectively, the frequency and wavelength of the mth channel, and c is the speed of light. 
[0055] One particular embodiment of a DWDM optical conmiunications system 100 is 
illustrated in schematic form in FIG. 1 . A DWDM transmitter 102 directs a DWDM signal 
having mo chaimels through a fiber communications link 104 to a DWDM receiver 106. 
[0056] This particular embodiment of DWDM transmitter 102 includes a number of light 
sources 108a -108m that generate light at different wavelengths, A.0, XI . . . A,nao, corresponding to 
the different optical channels. The light ou^ut from the light sources 108a-108m is combined in 
a DWDM combiner unit 1 10, or multiplexer (MUX) unit to produce a DWDM output 1 12 
propagating along the fiber link 1 04. 

[0057] Light sources 108a-108m may be modulated laser sources, or laser sources whose output 
is eKtemally modulated, or the like. It will be appreciated that the DWDM transmitter 102 may 
be configured in many different ways to produce the DWDM output 1 12. For example, the 
MUX unit 110 may include an interleaver to interleave the outputs from different multiplexers. 
Furthermore, the DWDM transmitter 102 may be equipped with any suitable number of light 
sources for generating the required nxmiber of optical channels. For example, there may be 

10 



)_Q206747SA2.L> 



PCT/IB02/01869 



twenty, forty or eighty optical channels, or more. The DWDM transmitter 102 may also be 
redundantly equipped with additional light sources to replace failed light sources. 
[0058] Upon reaching the DWDM receiver 106, the DWDM signal is passed through a 
demultiplexer unit (DMUX) 130, which separates the multiplexed signal into individual channels 
that are directed to respective detectors 132a-132m. 

[0059] The fiber link 104 may include one or more fiber amplifier xmits 1 14, for example rare 
eartti-doped fiber amplifiers, Raman fiber amplifiers or a combination of rare earth-doped and 
Raman fiber amplifiers. The fiber link 104 may include one or more DWDM channel monitors 
126 for monitoring the power in each of the channels propagating along the link 104. Typically, 
a fraction of the light propagating along the fiber link 104 is coupled out by a coupler 124 and 
directed to the DWDM channel monitor 126. 

[0060] The fiber link 104 may include one or more optical add/drop multiplexers (OADM) 116 
for directing one or more channels to a local loop. In the particular embodiment illustrated^ the 
OADM 116 drops the ith channel, operating at wavelength Ai, and directs it to the local loop 118. 
The local loop 118 also directs infomiation back to the OADM 1 16 for propagating along the 
fiber link 1 04 to the DWDM receiver 106. In the illustrated embodiment, the information added 
at the OADM 116 from the local loop 116 is contained in the ith channel at %i. It will be 
appreciated that the information directed from the local loop 1 18 to the OADM 1 16 need not be 
at the same wavelength as the information directed to the local loop 118 from the OADM 116. 
Furthermore, it wiU be appreciated that the OADM 116 may direct more than one channel to, and 
noiay receive more than one channel from, the local loop 118. 
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[0061] The fiber link 104 may also include one or more optical cross-connect switches 134, for 
connecting to other optical circuits. The WDM signal from the transnodtter unit 102 is typically 
demultiplexed in a DMUX 130 and the demultiplexed signal is then fed into the optical Cross- 
Connect switch array 134, which couples signals from the DMUX 130 and from other systems 
through ports 136. On the output side of the optical cross-connect switch array 134, some output 
signals are coupled to a MUX 132 that multiplexes the output signals into a WDM signal that is 
transmitted to the receiver unit 106. Other outputs 138 from the optical cross-coimect switch 
array 134 may be coupled to other systems. 

[0062] An embodiment of a double transmission dif&action grating-based WDM device 200 that 
is useful in DWDM communications is iUustrated in FIG. 2. In this particular embodiment, light 
is typically fed into the device 200 via a waveguide 202, for example an optical fiber, that carries 
a WDM light signal. The multiple chaimel light 204 from the fiber 202 is coUimated by a 
coUimating/focusing system 206, that may comprise one or more lenses. In the particular 
embodiment illustrated, the lens system 206 includes a first lens 208 and a second lens 210. The 
first and second lenses 208 may be cylindrical lenses, spherical lenses or aspherical lenses, or any 
other suitable type of focusing element. 

[0063] The collimated light beam 212 is incident on a first transmission di£&action grating 214. 
The transmission diBraction grating 214 may be formed from glass, and other suitable materials 
that transmit light at the wavelength range of interest. Such materials may include Si, SiOa, 
Si3N4 and SiON. One applicable wavelength range of interest is 800 nm - 2000 nm, which 
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covers the range of wavelengths typically selected for optical fiber communications, although it 
will be appreciated that other wavelength ranges may be used. 

[0064] The term transmission diffraction grating as used herein refers to structures that dif&act 
light passing therethrough. The transmission diffraction grating may have a strictly periodic 
structure, known as a linear grating, or may have a structure that is not strictly periodic, termed a 
nonlinear grating. For example, the structure may have a chirped period, where the period 
changes from one emd of the structure to the other. Use of a chirped grating requires the use of a 
different focusing element from a linear grating. If there is a substantial variation in the 
periodicity of the transmission diffraction grating, then the transmission diffraction grating 
demonstrates focusing capabilities in addition to dispersing the different wavelengths of the light 
passing tiierethrough. Such a grating may also be termed a dififractive optical element (DOE). In 
the following description, the terms transmission diffraction grating refers to both linear and . 
nonlinear gratings. Many of the examples described below illustrate the use of a linear grating, 
but it will be appreciated by those of ordinary skill in the art that nonlineair transmission gratings 
may also be used. 

[0065] One approach to forming a transmission diffraction grating 214 is to etch a slotted 
structure into a substrate. The depth and length of the slots, and the ratio of the etched slot width 
to the unetched material width between slots, determine, at least in part, the diffraction properties 
of the transmission diffraction grating 214. The spatial variation in gmting periodicity 
determines flie focusing capabilities of the transmission diffraction grating 214. The 
transmission diffraction grating 214 may have a diffraction efficiency into the first diffraction 
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order as high as 99.9%. In one embodiment of a grating 214, particularly suitable where the light 
entering the device 200 is TE polarized, the grating is fomied from fused silica, the grating 
period is 1050 nm, with a groove duty cycle of 51%. The groove depth is about 2 pm and the 
incident angle on the grating is about 3 1 In another embodiment of grating, particularly 
suitable for randomly polarized light, the groove depth is about 6.7 pm, 
[0066] The collimated light beam 212 is dif&acted by the first transmission diffiraction grating 
214 towards a second transmission diffraction grating 216 as a singly-diffracted beam 218. The 
singly-diffracted beam 218 is diffracted by the second transmission diffiaction grating 216 
towards a focusing optic 220 as a doubly-diffracted beam 222. The first and second transmission 
gratings 214 and 216 are typically oriented so as to diffract light into the first diffraction order, 
[0067] Transmission diffraction gratings have advantages over reflection diffraction gratings. 
For example, the use of a transmission grating provides the designer with more design 
parameters to adjust in order to obtain optimum operation. The charactmstics of a reflection 
grating are determined by the geometrical shape of the grating. In contrast, the material of the 
transmission grating may also be used as a design parameter. Another benefit to using a 
transmission grating is that it n:iay be designed to have a high diffraction efSciency over a 
broader wavelength range than is typically possible using a reflection grating. In addition, the 
use of two gratings rather than a single grating is that, where the grating period is constant, the 
dispersion is increased, and so effective channel separation may be achieved in a smaller device 
than a single grating device. 
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[0068] The focusing optic 220 directs and focuses the doubly diffracted heam 222 towards a light 
dispersed region 224. The doubly-diffracted beam 222 includes components 226 of different 
wavelength, corresponding tq different optical channels, that propagate along different paths due 
to diffraction at the first and second transniission diffraction gratings 214 and 21^ By focusing 
the different wavelength components 226 at the light dispersed region 224, the differmt 
wavelength components 226 are physically separated and may subsequently be operated on 
individually and separately from the other wavelength components 226 by a light handling unit 
230. The focusing optic 220 may be a spherical or an aspherical nairror. An aspherical mirror 
may permit the different channels to be focused at the light dispersed region 224 with uniform 
spacing, as is discussed further below. 

[0069] In the illustrated embodiment, the light handling unit 230 is an array 228 of single 
channel waveguides 232, such as optical fibers. The separation between the cores of adjacent 
optical fibers 232 may be set to be the same as the spatial separation of the individual chanuels- at 
the light dispersed region 224. Thus, individual chaimels may be matched to respective fibers 
232. Where aspheric focusing optics are used, the separation between fibers 232 may be 
uniform. However, the separation between fibers 232 need not be uniform, and may be set to 
match the dispersion of the different channels at the light dispersed region. A lens array 234 may 
be positioned so that the individual lenses of the lens array focus each channel into its respective 
fiber 232. An advantage provided by the lens array is an increase in coiq)ling efficiency into the 
fibers 232- The spacing of the lenses on the lens array is typically arranged to match the spacing 
of the fibers 232. Therefore, if the fibers 232 are imiformly spaced, the lenses of the lens array 
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234 are typically unifonnly spaced. On the otiier hand, if the fiber spacing is noniinifonn, then 
the lens spacing is typically nonuniform in a manner that matches the nonunifonnity in the fiber 
spacing. ' 

[0070] Therefore, where a multiple chaimel signal propagates into the device 200 through fiber 
202, light of individual channels propagates away from the device along individual fibers 232. It 
will be appreciated that in such a configuration, the device 200 operates as a demultiplexer 
(DMUX). 

[0071] It will be appreciated that, if single channel light is directed along the fibers 232 towards 
the device 200, then the li^ at the different channels may be combined by the transmission 
dif&action gratings 216 and 214 to produce a multiple channel output signal at the fiber 202. In 
such a configuration, the device 200 oi>erates as a multiplexer (MUX). 
[0072] It will also be appreciated that the device 200 may accommodate a large number of 
optical chamels, with a requisite number of fibers in the fiber array 228, and is not restricted to 
using only six channels into six fibers as illustrated in the figure. 

[0073] An example of a transmission grating 300 suitable for use in the device 200 is illustrated 
in FIG. 3. The transmission grating 300 includes a substrate 302 that defines a grating structure 
304. In operation, may be incident on a non-grated surface 306 of the substrate 302 and 
transmitted through the substrate 302 and diffracted by the grating structure 304. Light may also 
be incident on the grating structure 304 and then pass through the non-grated surface 302. This 
operation contrasts with a reflection grating in which li^t is incident on the surface containing 
the grating structure and is reflectively dlffiracted away from that surface. 
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[0074] The transmission grating 300 optionally may include an antireflection coating (not 
shown) on the non-grated surface 306 to reduce reflection of incident light at that surface. 
Typically, any antireflection coating material can be used although preferably, the antireflection 
coating has little or no absorption in the wavelength region of ligjit diffiacted by the transmission 
grating 300. 

[0075] Light incident on the transmission grating at an angle, a, from an axis perpendicular to 

the non-grated surface, in other words perpendicular to a normal to the grating, is typically 

diffiracted from the grating surfece according to the diffiraction equation: 

mk = d(nin sina + Uout sinp) (1) 
where m is an integer (..., -2, -1, 0, 1, 2, ...) representing the diffiraction order, X is the wavelengtti 
of the incident light, d is the period of the grating, and p is the angle from the grating normal at 
which the light is diffiracted. The refractive indices nin and Uout are the refractive indices of the 
input medium and output medium respectively. Where the transmission grating 300 is used in 
air, then nhi= nout= 1. The separation of light at different wavelengths by the transmission 
grating 300 is also termed dispersion. Where d is constant across the substrate, the grating is a 
linear grating. The period, d, may have a frmctional dependence on spatial position on the 
substrate, in which case the grating is termed a nonlinear grating. Only a linear grating is 
illustrated in FIGS. 3-5, but it will be appreciated that nonlinear gratings may also be used. 
[0076] By proper choice of incident light angle according to equation (1), several monochromatic 

light beams, for example different optical channels, may be combined into a polychromatic light 

beam using the transmission grating. In such an operation, the incident angles, ai, a2, are 

selected so that p is approximately the same for each channel. 

[0077] Any suitable grating profile may be used, including, for example, triangular, 

square or rectangular well (shown in FIG. 3), blazed, and sinusoidal grating structures. The 
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structural parameters of the grating structure may be selected to obtain the desired dif&action 
properties. The stractural parameters include i) the grating period, in other words the average 
center-to-center inter-well spacing, which is convertible to the number of grating lines per mm; 
ii) the aspect ratio, in other words, the Svell width divided by the well depth; iii) the duty cycle, in 
othCT words the width of the tooth (between wells) divided by the grating period; iv) the angle of 
blazing for blazed gratings, and v) grating chirp, the variation of period along the length of the 
grating. The embodiment of grating 300 illustrated in FIG. 3 has a duty crjrcle of 50%. In 
addition, spatial variations in the periodicity across the substrate may give rise to focusing 
effects. 

[0078] In some embodiments, the parameters of the grating are selected to result in at least 50%, 
75%, or 90% or more of the incident light being dlffiracted into a single difGraction order. The 
dif&action of light into a single difi&action order or a small number of difi&action orders may be 
modeled using a commercial grating design modeling program, such as Gsolver, available from 
Grating Solver Development Company, Texas. The design of the gmting is typically optimized 
for high, uniform difGraction efiQciency over the bandwidth of interest, for example the erbium C- 
band, L-band or both. Maximum dlB&action efBciency is typically set for the center wavelength 
of the desired band. 

[0079] In addition, in some embodiments, the structural parameters of the grating may be 
selected so that the difl&raction efficiency for the TE and TM polarization states of the incident 
liglht is within no more than 10% or 5%. Other examples of transmission dif&action gratings are 
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described in U.S. Patent Application Serial No. 09/789,888, caatitled "Giadng structures and 
Methods of Making the Grating Structures", and incorporated herein by reference. 
[0080] The substrate used' to form tiie transmission grating is typically formed using a material 
that is transparent to the wavelengths of light to be difiOracted. The absorption in the transmission 
grating 300 is typically less than 5% and preferably less than 1%. Suitable materials for 
diffraction of light in the 1 .3 pm -1.6 (mi wavelength range typically used for fiber optical 
communications include, for example, quartz, silicon, and silicon nitride. Other suitable 
materials include, for example, plastics and other materials suited for replication. 
[0081] The grating structure may be formed using a variety^ of different techniques. One 
technique includes mechanical ruling using a stylus or other ruling device having a hard tip, such 
as diamond or silicon carbide. Other techniques include the use of photolithographic methods, 
such as standard lithography, those using a holographic mask, near-field holography and direct 
holographic exposure to form a grating pattern in a photoresist material deposited on the 
substrate. The substrate can then be etched according to the grating pattern using any wet or dry 
etching techniques to form the grating. Appropriate wet and dry etching techniques and etchants 
typically depend oia the material used for the substrate. Some examples of photolithographic 
methods suitable for forming a diffraction grating are discussed in U.S. Patent Application Serial 
No. 09/789,888, entitled "Grating stractures and Methods of Making the Grating Structures''. 
[0082] Another example of a suitable transmission grating 400 is illustrated in FIG. 4: This 
transmission grating 400 includes a grating structure 404 disposed internally within a substrate 
402. In one embodiment, the substrate 402 includes a first piece 408, containing the grating 

19 



NSDOCID: <WO_02067475A2_L> 



PCT/IB02/01869 



structure 404 formed on a surface, and a second piece 410. The first and second pieces 408, 410 
can be combined together to form the substrate 402 using a variety of techniques. For example, 
the first and second pieces 410 may be bonded or adhesively coupled \ising an optical 
adhesive; the two pieces 408 and 410 may be reactively bonded using reactive groups on the 
surface of the two pieces that are, optionally, photochemically or thermally activated; or the two 
pieces can be mechanically coupled using a clamp or other fastener to hold the pieces together. 
Methods of bonding or otherwise attaching tiie first and second pieces 408 and 410 are discussed 
in U.S. Patent Application 09/789,888, "Grating structures and Methods of Making the Grating 
Structures". The two pieces 408 and 410 may also be assembled by optically contacting polished 
surfaces. As another example, the second piece 410 may be formed by deposition of material 
over and, optionally, within the grating structure. Suitable deposition techniques include, for 
example, chemical vapor deposition (CVD), physical vapor deposition, sputtering, and the like. 
[0083] In some embodiments of the structure illustrated in FIG. 4, the material used for the first 
and second pieces 408, 410 of the substrate 402 is the same. In other embodiments, the materials 
are different. 

[0084] The two pieces 408, 410 may have the same thickness or a difTerent thickness. If the two 
pieces 408, 410 are made of the same material and have the same thickness, the position at which 
the light exits the transmission grating 400 will be substantially independent of the temperature 
of the grating 400, where the light is incident on the grating at the Bragg angle. The Bragg angle 
is that angle of incidence which produces a dif&acted beam whose output angle is equal to tiie 
angle of incidence. 
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[0085] In another embodiment, illustrated in Figure 5, the grating structure 504, 505 is formed in 
both of the first and second pieces 508, 510 and the two grating structures 504 and 505 are 
eiligned to fomi a single grating having a depth greater Hxan either of the two indiAddual grating 
structures. This procedure may be used to form a grating having deep wells or a large aspect 
ratio. 

[0086] One advantage of the transmission gratings of FIGS. 4 and 5 is that the grating structure 
is within the substrate. This prevents foreign matter firom entering the grating grooves and 
avoids degradation of the grating due to e?q>osure to outside elements. This approach also 
permits higher diffraction eflHciency for a broader range of grating parameters. The two outer 
surfaces through which the light passes may both be antireflection coated in order to reduce loss. 
[0087] The device 200 is useful for other applications, in addition to multiplexing and 
demultiplexing. Another particular embodiment of the device 600 is illustrated in FIG. 6, which 
shows a double transmission diffraction grating device 600 that is useful for channel monitoring. 
Like components are numbered with the same numbers as before. A multiple channel signal is 
fed into the device 600 fix>m a fiber 602. The multiple channel signal is separated into its 
. constituent chaimel components at the light dispersed region 224. 

[0088] The light handling unit 230 is a detector unit 604 disposed at the light dispersed region 
224 to detect the power level in each channel. The detector unit 604 typically includes a number 
of individual photodetectors 606. The photodetectors 606 may be individual photodiodes, each 
photodiode arranged to detect light in its respective channel and producing its own analog output. 
This approach is suitable for monitoring the power in each chamel. The photodetectors 606 may 

21 



NSCXXIO: <WO 0206747SA2 I > 



WOX>2/067475 



PCT/IB02/01869 



also comprise an integrated photodetector array, for example an integrated array of photodiodes 
or charged coupled devices. Such an integrated array typically includes a large nimiber of pixels^ 
for example up to 256 pixels,^or higiher. The use of an integrated array not only permits power 
monitoring, but also permits wavelength measurement of the individual channels, and also 
permits the measurement of noise between the channels. 

[0089] The output from the detector unit 604 is directed to a chaimel analysis unit 608, that 
analyzes the signals firom the photodetectors 606. In the illustrated embodiment, the channel 
analysis unit 608 includes a display 610 showing a signal 612 such as might be generated using 
an integrated photodiode array. The signal 612 shows individual peaks 614 corresponding to the 
individual channels. The heights of the peaks 614 indicate the power level in each channel. The 
position across the screen 610 of each peak 614 indicates its respective wavelength. The regions 
616 between the peaks show whether there is any interchannel noise. 

[0090] The device 600 may be used as a channel monitor for monitoring the power levels in each 
channel. This is useful for monitoring gain equalization in fiber amplifiers, fault detection in 
optical add/drop multiplexers (OADMs), and power equalization near transmitters and/or 
OADMs. 

[0091] The device 600 may be provided with a focusing/collimating unit 620 that provides 
spatial filtering to the light entering the device 600 from the fiber 602. Iti the particular 
embodiment illustrated, the focusing/collimating unit 620 iucludes a first lens 628 for focusiug 
the light for the fibw 602 through an aperture plate 622 to a collimating lens 630. The 
collimating lens 630 collimates the light to produce the collimated beam 212. It will be 
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appreciated that other configuratioiis of spatial jfilters may be used in the focusing/collimating 
unit 620. An advantage of using a ^atial filter is that it reduces the possibility of stray light 
entering the monitor device, and thus chances the signal to noise ratio of detection signals 
produced by the detector unit 604. 

[0092] It will be appreciated that a spatial filter may be provided in the other embodiments of 
device discussed herein, and that light may pass through the spatial filter in both directions. 
Thus, a spatial filter may also be provided to an input to a MUX/DMUX or add/drop multiplexer 
device. 

[0093] One particular application for a channel monitor 700 is illustrated in FIG. 7. A fiber 702 
includes a fiber amplifier 704, such as an erbium-doped fiber amplifier or a Raman fiber 
amplifier. Pump light is generated by one or more pump lasers 706 and is coupled into the fiber 
702 via a coupler 708. A portion of the amplified signal is coupled out of the fiber 702 by the 
coupler 710 and directed to the channel monitor 700. The chaimel monitor 700 detects the power 
levels of the individual channels propagating along the fiber. The process of amplification in the 
amplifier 704 may favor some channels over others, with the result that the favored channels 
have power levels greater than the power levels of other channels. It is often preferred, that the 
power levels of the different channels be uniform, in order to keep the power spread among the 
channels within the receivers' dynamic range. 

[0094] The channel monitor 700 feeds a monitor signal to the analyzer/control unit 712, which 
analyzes the monitor signal. The analyzer/control unit 712 may then change the wavelength or 
pump power of one or more of the pump lasers 706 in order to change the net gain profile for the 
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amplifier 704, in order to make the individual channel powers more uniform. The 
analyzer/control unit 712 may also adjust the losses in a programmable gain flattening filter 714, 
which introduces losses to the most intense chaimels, thus flattening the power profile over the 
multiple channels in the fiber 702. The gain flattening filter 714 may be positioned before or 
after tiie amplifier 704. 

[0095] The dual transmission diffraction grating device may also be used as an optical add/drop 
multiplexer (OADM). One such embodiment of an OADM device 800 is illustrated in FIG. 8. 
Multiple chaxmel light typically enters the device 800 firom a fiber 802. The separated channels 
at the light dispersed region 224 are incident on the light handling imit 230 which includes a 
switch unit 804 containing a number of optical switches 806 for all, or a selected number, of 
respective chaimels. Lenses, for example in the form of a microlens array, may be positioned 
before the optical switches 806. A control unit 810 is coupled to the switch unit 804 to control 
the activation states of the switches 806, thus providing programmability to the OADM device 
800. Each switch 806 is positioned so as to lie on the path of its respective channel. In the 
particular embodiment shown, the switches 806 are reflection/transmission switches, that either 
transmit li^t to associated fibers 808, or reflect the light back along &e path to the fiber 802. 
[0096] One particular example of a transnoission switch is illustrated in FIGS. 9A and 9B. The 
switch 806 may be a micro-electromechanical system (MEMS) device that includes a traveler 
810 that can be moved between a first position, illustrated in FIG. 9A, and a second position, 
illustrated in FIG. 9B. A reflective element 812, for example a mirror, is attached to the traveler 
810. When the traveler 810 is in the first position, the reflective element 812 occludes the 

24 



L.02067475A2J.> 



PCT/IB02/01869 



aperture 814 through the switch 806, and reflects light 816 incident thereon back through the 
OADM device 800. The reflective element 812 may retroreflect the light back to the input, in 
which case ihe light thus reflected exits the device 800 through the fiber 802. When the traveler 
810 is in the second position, shown in FIG. 9B, the reflective element 812 is removed from 
blocking the aperture 814, and the light is transmitted through the switch 806. Since each switch 
806 is associated with its own chamiel, the chaimels may be switched independently to be either 
transmitted or reflected within the OADM device 800. Light transmitted through the switch 806 
may enter a respective fiber 808 associated with that channel. The switch 806 may be, for 
example, a sliding mirror switch like the Optical Switch Chip manufactured by Cronos, Research 
Triangle Park, NC. 

[0097] An optical arrangement for the OADM device 800 is illustrated in FIG. 10, that permits 
the OADM device 800 to operate within a fiber network. Multiple channel light enters the first 
port 820 of a circulator 822, exits firom the second port 824 of the circulator 822, and is passed to 
the OADM device 800. The OADM device 800 transmits one or more selected chaimels and 
reflects the remaining channels. In the illustration, the OADM device 800 transmits the ith 
channel, at a wavelength Xi, and reflects the remaining channels, at wavelengths A,0. . .A.i-1, 
Ai+1 . . .^0- The reflected channels are presented to the second port 824 of the circulator 822 and 
are output firom the third port 826 of the circulator 822. 

[0098] The transmitted channels may be passed into a MUX 828, where they are multiplexed 
into a single output signal 830. The MUX 828 may be any suitable type of DWDM device, 
including a MUX as illustrated in FIG. 2, placed back to back with the OADM device 800. 
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[0099] Another embodiment of an OADM 800 is illxistrated in FIG. 1 1, in which the switch miit 
804 includes reflective switches, rather than transmissive switches. In this embodiment, the 
selected chaimels are not transmitted out of the light dispersed region 224, but are reflected along 
a different path within the OADM 800, and are typically output at the same end of the OADM 
800 as the input 

[00100] In this embodiment, a multiple chamel signal enters the &st port 11 02 of a 
circulator 1 104.. The multiple channel signal, for example containing wavelengths XO - Xmo, is 
transmitted to the OADM device 800 from the second port 1 106 of the circulator 1 104. 
Chaimels reflected from the OADM device 800 pass back to the second port 1 106 of the 
circvdator 1 104 and are transmitted out of the third port 1 108. In the illustrated example, the 
OADM drops Ifae ith channel, at wavelength Xi, and reflects all the other channels to the 
circulator 1 104. The output from the third circulator port 1 108 includes wavelengths XO. . .Ai-1, 
Xi+1 . . . Amo- The dropped channel, at wavelength Ai, or channels, may be directed to a local loop 
1110. 

[00101] It will be appreciated that the OADM device 800 may be operated in reverse to 
add a chaimel. In such a case, the dropped channels may be directed to the local loop 1110 
through a circulator 1 1 12. The circulator 1112 permits the local loop to send information at the 
dropped channel wavelengths back to the OADM device where they are added to the undropped 
chaxmels. In such a case, the output from the third port 1 108 of the circulator 1 104 contains all 
the undropped channels as well as the channels added from the local loop 1110. 
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[00102] A cross-section AA* fhrough the device 800 having reflective optical switches is 
illustrated in FIGS. 12A and 12B. In this embodiment, the device 800 includes two separate 
focusing mirrors 220 and 1122. Multiple channel light, shown by dashed lines 1 124, from the 
midtiple channel input fiber 802, is incident on the first mirror 220 and focuses individual 
channels to their respective switches 806. The figure shows the separated light 1 128 for a single 
channel (shown in sohd lines) being focused by the first mirror 220 to its respective switch 1116. 
When the switch 1116 is in a first position, the switch reflects the light 1 128 back along the same 
path, as illustrated in FIG. 12A. When the switch 1 1 16 is in a second position, as illustrated in 
FIG. 12B, the incident light 1 128 is directed to the second mirror as deflected light 1 130. The 
deflected Ught 1 130 is collimated by the second mirror 1 122 as deflected, coUimated hght 1 132, 
shown by dashed lines. 

[00103] The deflected, collimated light 1 132 passes through the two transmission 
diffraction gratings 216 and 214, as selected light beam 1 133. This is shown in FIG. 13, which 
schematically illustrates the cross-section BB' of the device 800. The selected light beam 1 133, 
containing those channels switched by switches 1 1 16, is directed from the transmission grating 
214 (shown in dashed lines) to a second fociising system 1136. The second focusing system may 
include one or more lenses. In the illustrated embodiment, the focusing system includes two 
lenses 1137 and 1138. Those channels not selected by the switches 1116 areretroreflected by the 
switches 1116 along their original paths to the input fiber 802. 

[00104] It will be appreciated that the selected Ught beam 1 133 may originate &om a 
reflection from switch 1 1 16 to the second focusing mirror 1 122, or from a reflection from switch 
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1 1 1 6 to a region on the focusing mirror 220 that is different from the region illuminated by the 
beam 1124. 

[00105] An embodimdnt of a reflective switch 1116 that may be used in the OADM 

illustrated in FIGS. 1 1-13 is illustrated in FIGS. 14A and 14B. The switch 1 1 16 may be a MEMs 
device having a reflecting surface 1118 that can be moved between at least two positions. The 
reflecting surface 1 1 1 8 is typically positioned at the focus of the light 1 128. In the first position, 
illustrated in FIG. 14A, incoming light 1 128 is reflected back along its incident path. In the 
second position, illustrated in FIG. 14B, the reflecting surface 1 1 18 is directed so that the 
incident light 1 128 is reflected as deflected light 1 130 along a different path fix>m the incident 
light 1128. 

[00106] Another embodiment of a reflecting OADM 800, in which the OADM 800 

includes a single focusing mirror 220 and a collimating/focusing system 206 common to both the 
input and the selected output, is illustrated in FIGS. 15A and 15B, which shows the cross-section 
AA' . In this particular embodiment, the switches 1 5 1 6 are placed further away from the mirror 
220 than the focus of the light 1528. Multiple channel light, shown by dashed lines 1 124, from 
the multiple channel input fiber 802, is incident on the mirror 220 and focuses individual 
channels to their respective switches 806. The figure shows the separated Ught 1 128 for a single 
channel, solid lines, being focused by the first mirror 220 to its respective switch 1516. When 
the switch 15 16 is in a first position, the switch 1516 reflects the light 1 128 back along the same 
path, as illustrated in FIG. 15A. When the switch 1516 is in a second position, as illustrated in 
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FIG. 1 SB, fhe incident light 1 128 is directed to the mirror 220 as deflected light 1 140 along a 
different path. 

[00107] The deflected, collimated light 1 140 passes through the two transmission 
difiraction gratings 216 and 214, as selected light beam 1 142. This is illustrated in FIG. 16, 
which schematically illustrates the cross--section BB' of the device 800. The selected light beam 
1 142, containing those channels switched by switches 1516, is directed from the transmission 
grating 214 (shown in dashed lines) to a second focusing system 11 43. The second focusing 
system may include one or more lenses. In the illustrated embodiment, the first and second 
focusing systems 206 and 1 143 tiiat includes a common lens 1 144. Those chaimels not selected 
by the switches 15 16 are retroreflected by the switches 1516 along their original paths to the 
input fiber 802. 

[00108] An embodiment of a reflective switch 1516 that may be used in the embodiment 
ofOADMofinFIGS. 15 and 16 is illustrated in FIGS. 17Aand 17B. The switch 1516 may be a 
MEMS device having a reflecting surface 1518 that can be moved between at least two positions. 
The switch may be, for example, a linear MMDM (micromachined deformable mirror) supplied 
by Flexible Optics BV, Netherlands. 

[00109] The reflecting surface 1 5 1 8 is typically positioned beyond the focus of the light 
1 128. The reflecting surface 1518 is* curved so as to match the radius of the wavefironts of the 
light from the focus 1 520. In the first position, illustrated in FIG. 1 7A, incoming light 1 128 
passes through the focus 1520 and is reflected back along its incident path. In the second 
position, illustrated in FIG. 17B, the reflecting surface 1518 is directed so liiat the incident light 
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1 128 is reflected as deflected li^t 1 140 along a different path from the incident light 1 128. The 
deflected light 1 140 passes through a different focvis 1522. 

[00110] A schematic representation of the unfolded optical path through the OADM 
device using the switch 1516 is illustrated in FIG. 18 A. The illustrated representation includes a 
common lens system 1 802 for the first and second fibers 1 808 and 1 820. Focusing mirror 220 is 
represented as a lens 1 804. Light passing between the first fiber 1 808 and the switch 1 5 1 6 is 
represented with solid lines, while light passing between the switch 1516 and the second fiber 
1820 is represented by dashed lines. The transmission gratings are omitted firom this 
representation since they have no focusing effect and are located where the beams are coUimated. 
[00111] Input light 1806 is directed to the first lens 1 802 firom the input fiber 1808. The 
input light 1806 is collimated as beam 1810, and is directed to the second lens 1804. The second 
lens 1804 focuses the collimated beam 1810 to the switch 1516 as focused beam 1812. When 
the switch 1516 is in the second position, the switch 1516 redirects the focused beam 1812 as 
redirected beam 1814. The redirected beam 1814 is collimated by the second lens 1804, as 
collimated beam 1816. The collimated beam 1816 is then focused by the first lens 1802 as 
focused beam 1818. The focused beam 1 8 1 8 is directed to the second fiber 1 820. 
[00112] For comparison, FIG. 18B illustrates a schematic representation of tiie unfolded 
optical path through the OADM device using the switch 1116. In this case, the switch is located 
at the focus of beam 1812. The input light is collimated by collimating/focusing system 1 850 
and the light exiting to second fiber 1820 is focused by collimating/focusing system 1852. 
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[00113] The use of an aspheiical focusing optic 220 pennits the different optical channels 
to be focused at the light dispersed region 224 with uniform interchannel spacing. This is useful, 
for example, where the device 200 is used as a MUX/DMUX, in which case the fiber array 230 
may be a standard optical fiber array where the fiber cores are equidistantly spaced apart fiom 
each otiier. It is also useful where the device is used as a chaimel monitor. The detector unit 604 
may be a photodetector sensor array, with a linear array of pixels having uniform Mddth. For 
example, the center-to-center pixel spacing may be 50 pm. Where each channel is assigned two 
pixels and the interchannel spacing is 50 GHz (0.4 imi), then the dispersion at the focal plane in 
the light dispersed region 224 is 500 GHz nun'^ Where a microlens array is positioned before the 
fiber array 230, the detector unit 604, or switches 806, the center-to-center spacing of the lenses 
in the lens array may be uniform when the aspherical focusing optic 220 is used. 
[00114] If the dispersion at the light dispersed region 224 is not uniform, then some 
channels may take more than two pixels. A plot is shown in FIG. 19 that compares the 
umformity of the dispersion at the light dispersed region 224 using spherical optics and 
aspherical optics. The calculations used to generate FIG. 19 assumed that the device 200 was 
analyzing light in the range 1530 nm - 1565 nm and that the channel separation was 50 GHz (0.4 
nm), resulting in 88 channels. Each channel was assigned two pixels, thus ideally the channels 
are separated in the light dispersed region by 100 jxm, corresponding to using transmission 
gratings 214 and 216 having a period of 1042 mxx. In the figure, the y-axis shows the number of 
times that a channel has shifted more than 50 imi relative to its ideal position as a fimction of 
wavelength. The first curve 1902 represents the results when spherical optics are assumed, and 
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curve 1904 shows the resiilts when aspherical optics are assumed. The spherical case shows that 
the dispersion is quite nonuniform across the light dispersed region 224» whereas the dispersion 
is very uniform when aspherical optics are used. 

[00115] The particular optics assumed to produce the modeled results shown for curve 
1904 are shown in FIG. 20. The aspherical mirror 2020 had an aspheric surface whose sag, Zni» is 
given as a function of r, the radial co-ordinate on the noirror, as: 

2 

z„(r)= p=E==+a2r2+a4r*+a6^^..+a16r'^ (2) 

1+Vl-(1+k)cV 

where, k is the selected conical constant, c is the selected curvature and a2 - al6 are the 
aspherical constants. The values of the various constants used in the model for the aspheric 
mirror are listed in Table I. 

Table I Values for Constants in Model for Aspheric Mirror 



constant 


value 


k 


-0.9331551 


c 


7.4608158 X 10'^ mm"^ 


a2 


7.3167596x10-* mm"' 


a4 


1.757052 X 10-* mm'^ 


a6 


-1.7351298 X 10"* mm"^ 


a8 


1.34355037x10-'" mm"' 


alO 


-6.0319772x10-" mm''' 


al2 


1.5372169 x 10-'^ mm'*^ 



32 



>_02067475A2.I_> 



PCT/IB02/01869 



al4 


-2.10916 xlO^^min" 


al6 


1.21165631x10-''' mm " 



[00116] An aspherical compensator 2022 may also be used to flatten the field at the light 

dispersed region 224. The aspherical compensator has an aspherical surface whose sag, Zc, is 
given by: 



2 rr)= -==2i====.^-b1r+b2r^+b3r^.. + b8r® (3) 

1 + Vl-(1+k)cV 



where bl — b8 are the selected aspherical constants. The values of the various constants 
used in the model for the aspheric compensator are listed in Table n. 
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Table II Values for Constants in Model for Aspheric Compensator 



constant 


value 


k 


} -175.6974 


c 


15.951 1359 X 10 mm 


bl 


3366450 X 10 


b2 


1.4243661 X 10 mm' 


b3 


-6.4890499 x 10 mm 


b4 


-5.1346641 X 10"' mm"^ 


b5 


-5.3936903x10*^ mm"* 


b6 


-4.2646931 x 10"' mm*^ 


b7 


-3.4720059 X 10-^ mm"* 


b8 


9. 172209x10-^ mm"' 



[00117] It will be appreciated that an aspheric mirror may used alone, without an aspheric 
compensator. 

[00118] Furthermore, a transmissive focusing element, rather than a reflective focusing 
element, ntiay be used to focus the light from the second grating 216 to the light dispersed region 
224. Such a configuration is illustrated in FIG. 21. The illustrated device 2100 has a 
transmissive focusing element 2120 that focuses the doubly diffracted beam 222 to the light 
dispersed region 2124. The transmissive focusing element 2120 may be, for example, a lens or a 
diffractive focusing optic. The transmissive focusing element 2120 may have either a spherical 
or an aspherical optical transfer function, to provide spherical or aspherical focusing respectively. 
The focused light components 2126 are directed to a light handling unit 2130 which may be any 
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device disposed at fhe light dispelled region 2124 for handling the dispersed light components 
2126, such as a fiber array, a switch array, a detector array, or the like. 

[00119] It will further be appreciated that if the focusing elements, either nurror or lens 
system, or a combination, do not produce uniform dispersion at the light dispersed region 2124, 
tiien a fiber array or detector array positioned at the light dispersed region 2124 may itself be 
non-xmiform, having a non-uniformity matching that of the disp^sion. Therefore, for example, if 
the separation between different channels changes £rom the short wavelength to the long 
wavelength, then the center-to-center spacing of detector elements in a detector array may 
increase in a similar maimer. Having a non-uniform detector array preserves a constant number 
of detector elements per channel spacing, even though the different chaimels are not dispersed . 
linearly across the light dispersed region 2124. Also, if the light handling device 2130 is a fiber 
array or a switch array, then the fibers or switches may be arrayed to have non-uniform 
separation to match the dispersion of the light in the lig^t dispersed region 2124. 
[00120] Another embodiment 3400 in which a transmissive focusing elCTient is used to 
focus the light to the light handling unit 3430 is illustrated in FIG. 34. In this embodiment, the 
second transmission grating 3416 is a dlGBractive element that focuses as well as disperses the 
light Therefore, dif&acted beams 218 are focused firom the transmission grating 3416 to the 
light handling unit 3430 , illustrated as beam 3422 and beam 3424. It will be appreciated that 
more than one of the gratings may both focus and disperse ligiht. For example, the lenses 208 and 
210 and transmission grating 214 may be replaced by a grating that collimates and disperses light 
durectly firom the fiber 202. 
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[00121] Another embodiment of a transndssion grating add/drop device 2200 is illustrated 
in FIG. 22. In this device 2200, there are three ports for light to either enter or exit The first 
port 2202 is an input port for inputting light to the device 2200. Light reaches the switch array 
2204 from the first port 2202 along a first path 2206 after the dififerent channels are separated by 
being dispersed by ihe transmission gratings. The switch array 2204 is disposed so that each 
separated chaimel has a respective optical switch that selectively reflects or transmits the light of 
its associated channel. Light transnoitted by the switch array is directed through the second port 
2208. The light transmitted through the second port 2208 may be combined in a MUX 2228 into 
a single combined signal. 

[00122] Light reflected by the switch array 2204 is directed along a second patti 221 0 that 
passes through the transmission gratings. Those chaimels whose Ugjit is reflected by the switch 
array 2204 are recombined into a single output signal appearing at the third port 2212. In the 
illustration, channels having wavelengths 7Jd - Xmo are directed into the device 2200 tb.ough the 
first port 2202. The switch array 2204 selects the channel having a wavelength for 
transmission through the second port 2208, while all other channels are reflected for output from 
the third port 2212. Thus, unlike the embodiment illustrated in FIG. 10, this embodiment does 
not require the use of a circulator to separate the input from the reflected output It will be 
appreciated that the switch array 2204 may select any combination of one or more channels for 
transmission. 



36 



)_0a067475A2J_> 



wo 02/067475 



PCT/IB02/01869 



[00123] Althoiigh internal details of this embodiment are not expressly included in the 
figure, it will be appreciated that any of the add/drop multiplexer configurations described herein 
may be adapted to produce a three port add/drop device. 

[00124] Another embodiment of a transmission grating add/drop device 3 100 is illustrated 
in FIG. 31. In this device 3100, there are several ports for light to enter or exit The first port 
3 1 02 is an input port for inputting light to the device 3 1 00. Light reaches the switch array 3 1 04 
fi-om the first port 3 102 along a first path 3 106 (solid line) after the different chaimels are 
separated by being dispersed by the transmission gratings. The switch array 3 104 is disposed so 
that each separated channel has a respective optical switch 3 108 that selectively reflects the ligiht 
of its associated channel into one of a number of different directions. 

[00125] An embodiment of a switch having multiple states is illustrated in FIG. 32. The 
switch 3 108 has a reflector 3202 that is selectively movable among several different positions. In 
the particular embodiment illiistrated, the reflector 3202 is pivotable among four different 
positions: one position is illustrated as a solid line, and the other positions 3206 are illustrated 
with dashed lines. It will be appreciated that the switch may be selectively adjustable between a 
number of positions that is different from four. 

[00126] The light reflected by the switch array 3 104 is directed back through the 
transmission gratings. The switches 3108 are selectively operable between a number of 
positions, four in the illustrated embodiment, that correspond to different paths 31 10, 3 1 12, 3 1 14 
and 3116 coupled to respective selected channel ports 3120, 3122, 3124 and 3126. Thus, each 
channel may be independentiy switchable to a number of different output ports through selective 
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positioning of the respective switches 3108. hi the illustration, the switch 3108 is in a position to 
direct light along path 3112, shown in solid line, to port 3 122. The other possible paths 3110, 
31 14 and 31 16 are shown iii dashed line. 

[00127] An unfolded, equivalent optical architecture for the device 3 1 00 is illustrated in 
FIG. 33. Light 3304 enters the device 3100 through a first fiber 3302 and is coUimated m a first 
coUimating unit 3306. The coUimated beam 3308 passes through the transmission gratings (not 
shown) to the focusing optic 33 1 0, which directs the focused beam 33 12 to the switch array • 
3 104. The switch array 3 104 directs each channel along a particular selected reflected path. Only 
one channel is illustrated in the figure. The channel is reflected along path 3112, that 
corresponds to the path traveled by the diverging beam 3314, coUknated by the focusing optic 
3310 to produce coUimated beam 33 16, and coUimated beam 3316 which is focused into fiber 
33 1 8 by focusing system 3320. 

[00128] The switch 3108 is selectable among other paths, 31 10, 31 14 and 31 16 that 
correspond to light beams 3330, 3334 and 3336, iUustrated in dashed lines, that are directed to 
respective fibers 3340, 3344 and 3346 by respective focusing systems 3350, 3354 and 3356. 
Thus, the device 3100 permits selective switching of different channels into different outputs, 
and may be regarded as being a multiple output drop filter. 

[00129] It will be appreciated that light may be directed into the device 3 100 in the reverse 
direction, so that Ught entering the device 3100 firom ports 3120, 3122, 3124 and 3126 is 
combined into an output signal that exits the device firom port 3 102. In such a case, the device 
3 1 00 operates as a multiple input add filter. Furthermore, light input to the device firom ports 
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3 120, 3 122, 3 124 and 3 126 need not be directed to port 3 102 but, so long as the switches 3 1 08 
provide suitable selectivity, may be directed to any of the other ports. 

[00130] The iiiveiition is not restricted to using only two diffraction gratings, and other 
numbers of gratings may be used. Another embodiment of a transmission grating WDM device 
2300 is illustrated in FIG. 23, which uses three gratings. An advantage of using additional 
gratings is that, where the grating period is constant, the dispersion is increased and so effective 
channel separation may be achieved m a smaller device. 

[00131] Following diflfraction off the first two gratings 214 and 216, the doubly-dispersed 

light 222 is dkected to a thhrd gradng 23 15 that diffracts the light, as triply diffracted light 2322, 
towards a light focusing element 2320, illustrated in this case as a lens. It wiU be appreciated 
that the light focusing element 2320 my also be any other suitable type of focusing element. 
Individually focused wavelength components 2326 are directed to the hght dispersed region 2324 
where they are spatially separated from each other. The focused light components 2326 are 
directed to a light handling unit 2330 which may be any device disposed at the light dispersed 
region 2324 for handling the dispersed light components 2326, such as a fiber array, a switch 
array, a detector array, or the like. It will be appreciated that other numbers of transmission 
gratings may be used, other than two or three. 

[00132] Some diffraction gratings display higher diffraction efficiency for TE polarized 

light than for TM polarized light, and so the total diffraction efficiency may be reduced if 
randomly polarized light is transmitted into the device. Therefore, it is advantageous to use 
polarization dependent components within the device in order to increase the total diffiaction 
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efficiency. One embodiment of such a device 2400, schematically illustrated in FIG. 24, includes 
a polarization separator 2410, which may include a polarizing beamsplitter or other suitable 
component for separating randomly polarized light into its orthogonal polarization states. 
[00133] Light 2402 from the fiber 202 is randomly polarized, and is coUimated in the 
focusing/coUimating system 206. The collimated light enters the polarization separator 24 1 0, 
which in the illustrated embodiment includes a polarization beamsplitter 2412 and a turning 
prism 2414. A first polarization component 2416 is transmitted through the polarization 
beamsplitter 2412 along a first path 2420 (illustrated with solid lines). A second polarization 
component 2418, having a polarization state orthogonal to the polarization state of the first 
polarization component, is reflected from the polarization beamsplitter 2412 to the turning prism 
2414. The turning prism 2414 reflects the second polarization component 2418 along a second 
path 2422 (illustrated with dashed lines) approximately parallel to the first path 2420. A 
polarization rotator 2424, such as a half-wave retardation plate, is disposed on one of the paths 
2420 and 2422 to rotate the polarization of that patii through approximately 90^ so that the 
polarization of the Ught propagating along both paths 2420 and 2422 is parallel, and oriented in 
the preferred polarization state for maximum diffiaction efSciency in the transmission gratings 
214 and 216. 

[00134] In the embodiment illustrated in FIG. 24, it has been assumed that only one 
wavelength of Ught enters the device 2400, for the sake of clarity. The light propagating along 
the first and second paths 2420 and 2422 propagates approximately parallel through the first and 
second gratings 214 and 216 until reaching the focusing mirror 220. The focusing mirror 220 
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focuses the light in the two paths 2420 and 2422 to the same focus 2426 at the light handling unit 
2430. This embodiment is particularly useful when the light handling unit 2430 includes 
photodetectors to detect the power of the light in the different channels. 
[00135] Another embodiment of the device 2800 that considers that polarization of the 
light is schematically illustrated in FIG. 28, The device 2800 includes a polarization separator 
2410 similar to that illustrated in FIG. 24. In FIG. 24, the polarization states are separated in a 
direction that is in the dif&action plane, in other words parallel to the plane defined by the 
directions of diffraction of gratings 214 and 216. In the embodiment 2800 illustrated in FIG. 28, 
the direction of separation is perpendicular to die plane of diffraction. Thus, light entering 
through fiber 202 is separated into two beams of orthogonal polarization that are spaced out of 
the plane of the figure. A polarization rotator 2424 rotates the polarization of one of the beams 
to an orientation that results in high diffraction efficiency in the gratings 214 and 216. 
[00136] After diffraction by the gratings 214 and 216, the beams 2420 and 2422 are 
combined in a polarization combiner 2802 before incidence on the mirror, as is schematically 
illustrated in FIG. 29. The polarization combiner 2802 includes a polarization rotator 2804 to 
rotate the polarization of one of the beams 2420 and 2422 through 90°. Beam 2422 is directed by 
a turning prism 2806 into a polarization beamsplitter 2808, which combines the two beams 2420 
and 2422 into a randomly polarized beam 2810, which then passes to the mirror 220. This 
embodiment is particularly usefiil when the device 2800 operates as a MUX, DMUX, or 
add/drop multiplexer. 
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[00137] It will be appreciated that different types of polarization separator 2410 and 
polarization combiner 2802 may be employed, in addition to those illustrated in the drawings. 
Furthermore, it will be appreciated that the polarization separator 2410 and polarization 
combine 2802 perform the reverse optical operation when light passes through the device 2800 
in reverse. Thus, light passing from the light handling device 2430 to the multiple channel fiber 
202 is polarization separated in the polarization combiner 2802 and is polarization combined in 
the polarization separator 2410. 

[00138] Another approach to ensure high dif&action efficiency when the device is used 
with randomly polarized light is to use gratings that provide high diffraction efiBciency for both 
the incident TE and TM polarizations. For example, it is possible to design a transmission 
grating so that the diffraction effrciency of both polarizations is substantially equal, as is 
discussed in U.S. Patent Application Serial No. 09/789,888, entitled "Grating stmctures and 
Methods of Making tiiie Grating Stmctures". 

[00139] In another approach, the gratings 214 and 216 may be replaced by dual grating 
pairs 3214 and 3216, where each member of the pair is optimized for higji diffraction efficiency 
for a single polarization, as is schematically illustrated in FIG. 30. A beam 3002 of mixed 
polarization, having both TE and TM components, or of random polarization, is incident on a 
first grating 3214a of the first dual grating pair 3214, which is optimized for high diffraction 
efficiency for TM light, and zero diffiraction efficiency for TE light. Thus, the TE light passes 
through the grating 3214a as beam 3004 while the TM ligjit is diffracted as beam 3006. The TE 
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beam 3004 is then diffracted by the second grating 3214b of the dual grating pair 3214 which is 
optimized for high diffraction efiBciency of TE light, as beam 3008. 

(00140] The TE beam 3008 is then diffracted by the first grating 3216a of the second dual 
grating pair 3216 as beam 3010. The grating 3216a is optimized for high diffraction efficiency 
for TE light The TE beam 3010 passes through the second grating 3216b of the second dual 
grating pair 3216, which is optimized for high dififraction efficiency for TM light and zero 
diffraction for TE Ught. The TM beam 3006 is diffracted by the second grating 3216b. Careful 
alignment of the gratings 3214a, 3214b, 3216a and 3216b results in the TE beam 3101 being 
combined with the TE beam 3006 to produce a diffracted beam 3012 of mixed polarization. 
[00141] It will be appreciated that dual grating approach may be used in any of the 
embodiments described above. Furthermore, the dual grating approach may be used in devices 
having more than two dual grating pairs. 

[00142] An embodiment of a housing for momiting the different components of a double 
transmission dififraction grating device is illustrated in FIGS. 25A and 25B. The housing 2500 
includes a frame 2502 having upper and lower rails 2504 and 2506 with slots 2508 running 
thereacross. The upper rail 2504 and lower rail 2506 are provided with complementary slots 
forming slot pairs, where each slot pair is aligned to receive a mounting plate 25 10. The various 
optical components of the device are mounted on different mounting plates 2510 that fit into the 
slots 2508. Precise positioning of the slots along the rails and of the optical components on the 
plates permits the device to be assembled with components in aUgnment, without the need for 
optical alignment of the optical components after assembly. The ability to assemble the optical 
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system without aligning the optical components after assembly is tenned passive alignment. The 
frame and slots may be machined, for example, from aluminmn, stainless steel, or any other 
suitable material. ^ 

[00143] Optical components are mounted on the plates 25 1 0, for example using epoxy 
adhesive. In the particular embodiment illustrated, the Gxst lens 208 is moimted on a first plate 
2512. The first plate 2512 is provided with an aperture 2514 over which the lens 208 is 
mounted, so as to permit the light to enter the device 2500. The second lens 210 is moimted on a 
second plate 2514, also provided with an aperture 2516. In general, transmissive optical 
componeats are moimted over apertures in the plates to permit ligjht to pass therethroug^h. 
[00144] The transmission diffi-action gratings 214 and 2 1 6 are positioned on a plate 25 1 8 

that has angled surfaces 2520 and 2522 upon which the respective gratings 214 and 216 are 
mounted. An aperture 2524 permits light to pass between the gratings 214 and 216. Another 
aperture 2526 pennits the passage of light firom the mirror 220 to the light dispersed region 224. 
[00145] The mirror 220 is mounted on another plate 2528. The plate 2528 includes an 

aperture 2530 to permit passage ofthe beam 212 fiom the second lens 210. In general, plates 
carrying both transmissive and reflective optical components may be provided with apertures to 
permit passage of light through a part of the plate \^ere the optical component is not mounted. 
An advantage of this construction is that the plates block stray light &om propagating within the 
device, which is particularly advantageous when the device is used as a monitor and low Ught 
levels are being detected. 
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[00146] Aplate2S10isillxistratedinFIG. 25B. The plate has parallel upper and lower 
edges 2552 and 2554. The plate 2510 is provided with an aperture 2556 in an area 2558 that may 
be countersunk by machining or etching to receive an optical component 
[00147] It will be appreciated that, rather than sliding the plates into slots along upper and 
lower edges, the frame may have slotted members on the sides, and the sides of the plates fit into 
the slots on the slotted members. 

[00148] It will also be appreciated that the position of the slots 2508 along the frame 2502 
is dependent on the optical properties of the system and the particular component carried by the 
particular plate to be placed within the slots. The position may be detemiined theoretically, 
experimentally, or both. The accurate positioning of the slots 2508 and the accuracy of 
replication of tiie determined slot positions influences the ability to passively align the optical 
components. In addition, it may be important that the frames fit snugly into their respective slots 
to reduce or minimize the amount of variability in the position of the optical components. 
[00149] Another embodiment of a housing 2600 for mounting the different components of 

a double transmission diffraction grating device is illustrated in FIG. 26. An integral frame 2602 
holds the gratings 214 and 216, and the focusing mirror 220. The integral frame 2602 may be 
machined from metal, such as aluminimi or stainless steel, or may be precision injection molded 
using a plastic material. The input fiber 2604 is coupled to a collimation unit 2606, which 
includes one or more lenses to collimate the light from the fiber 2604. The collimation unit 2606 
is positioned in the integral fi:ame 2602 to direct coUimated light to the first transmissive 
diffraction grating 214. The integral frame 2602 is fabricated to be free of obstructions along the 
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optical path between the coUimation unit 2606 and the light handling unit 2630. The collimation 
unit 2606 may be provided with a polarization separator in a manner similar to that illustrated in 
FIG. 24. ' 

[00150] The light handling unit 2630 may be disposed on a plate 2608 attached to the 
integral fiame 2602 via screws or otiier suitable method. Independent attachment of the plate 
2608 provides a degree of adjustability in the alignment of the light handling unit 2630 relative to 
the separated channels incident at the light dispersed region 2624. The light handling imit 2630 
may be any device that operates on the separated channels incident at the light dispersed region 
2624, such as a detector array (illustrated), a fiber array or a light switch array. 
[00151] In this embodiment, and in the other monitor embodiments described above, the 
detector array 2632 may be a uniform photodetector array or may be an array with varying 
spacing between the individual detectors. 

[00152] A perspective view of the device 26G0 is illustrated in FIG. 27, showing the 
extemal features of the integral firame 2602. The plate 2608 has a number of output pins 2634 
that permit connection of the detector electronics to an extemal device^ such as a monitor or 
processor. The sides of the integral frame 2602 are covered with side covers 2636, at least one of 
which is detachable for access for mounting components within the integral frame 2602. One of 
the covers 2636, on the other hand, may be formed integral to the integral frame 2602. 
[00153] An approach to providing monitoring and data analysis capabilities to the a device 
having an integral frame is schematically illustrated in FIGS. 35 A and 35B. An electronics 
package 3500 is illustrated in FIG. 3 5 A, that includes a detector array 3502, for example a 
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photodiode array, mounted on a substrate 3S04. The substrate 3504 is electrically coupled to a 
board 3506, for example a printboard, that contains electronics for controlling the detector array 
3502 and for analyzing detection signals produced by the detector array 3502. The substrate 
3504 and board 3506 may be coupled by a flexible link 3508, usmg, for example, flexprint The 
board 3506 may include coimection pads 3509 for forming an electrical connection to extemal 
circuits, for example power supply or data collection and analysis circuits. 
[00154] The electronics package 3500 is illustrated in use with an embodiment of integral 
body 3510 in FIG. 35B. The integral firame 3510 may include transmission diflBraction gratings, 
along with focusing and collimatmg optics, as was described with reference to FIG. 26. A fiber 
3513 may be coupled to the coUimation unit 3512 to input Ught to the integral frame 3510. The 
board 3506 is placed on one side of the integral frame 3510, with the detector array 3502 
positioned at the output end 3512 of the integral frame 3510 to detect the dispersed light beams. 
The flexible link 3508 permits the detector array 3502 to be positioned at the end of the integral 
frame 3510 while the board 3506 is positioned along the side of the integral body 3510, thus 
saving space. The board 3506 and substrate 3504 may be attached to the integral frame 3510 
using, for example, screws, epoxy or some other type of fastening (not shown). 
[00155] A cover 3514 may be attached to the integral frame 3510 to provide protection to 
the board 3506. The cover 3514 may include electrical conduits 35 16 that connect through the 
cover 3514 to the connection pads 3509. The conduits 3516 may be pins that coupe to the 
connection pads 3509 by pressure, for example using spring-bias. In another approach (not 
illustrated), the board 3506 may be provided vnih electrical connectors that protrude through 
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apertures in the cover 3514. The cover 3514 may be attached to the integral frame 3510 using any 
suitable method, including screws or other fasteners, soldering, welding or adhesive. An o-ring 
seal may be provided betweeij the cover 3514 and the integral frame 3510 to prevent the ingress 
of dust, particles and other contaminants to the integral frame 3510. A second cover 3518 may 
be provided on the otiier side of the integral frame 3510 to provide easy access within the integral 
frame 35 1 0 for mounting optical components. 

[00156] Another embodiment using an integrated frame 3510 is illustrated in FIG. 35C. In 
this embodiment 3500, a light handling unit 3530, which may be, for example, a detector array or 
optical switch array, is attached to one end 3512 of the integmted frame 3510. Electronic circxuts 
3526 and 3527 may be positioned on either side oftheintegra^:ed frame 3510. The electronic - 
circuits 3526 and 3528 may be coupled to the light handling unit 3530 by flexible coimectors 
3528 and 3529. Covers 3514 and 3532 on either side of the integral frame 3510 may be provided 
to protect the electronic circuits 3526 and 3527 and to prevent ingress of contaminants to the 
optical components mounted on the integral frame 3510. 

[00157] It is important to note that the invention is not limited to the embodiments 
illustrated in the figures described above, and that certain elements may be changed without 
exceeding the scope of the invention. For example, planar waveguides may be used instead of 
either the multiple channel fiber 202 or the single channel fibers 232 input fiber, along with 
suitable coupling optics to adapt the Ught propagating to and from the waveguides. 
[00158] As noted above, the present invention is applicable to DWDM optical 
communications systems, and is believed to be particularly usefiil for use in MUX/DMUX, 
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channel monitoring, and OADMs. The present invention should not be considered limited to the 
particular examples described above, but rather should be understood to cover all aspects of the 
invention as fairly set out iti the attached claims. Various modifications, eqmvalent processes, as 
well as numerous structures to which the present invention may be applicable will be readily 
apparent to those of skill hi the art to which the present invention is directed upon review of the 
present specification. The claims are intended to cover such modifications and devices. 
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WE CLAIM : 

1 . A wavelength division multiplexing device, comprising: 
a jSrst multiple channel port; 

a plurality of single chaimel ports; and 

a diffiraction unit disposed between the &st multiple chamel port and the plurality 
of single chamiel ports, the diffraction unit defining wavelength-specific optical paths 
between the first multiple channel port and respective single channel ports of the plurality 
of single channel ports, the diffraction unit including at least first and second transmissive 
diffraction elements. ^ 

2. A device as recited in claim 1, further comprising a first light focusing unit 
disposed on the plurality of wavelength-specific optical paths between the Sxst multiple channel 
port and the diffraction unit. 

3. A device as recited in claim 2, wherein the first light focusing unit includes one or 
more lenses. 

4. A device as recited in claim 3, wherein the first light focusing unit includes a 
spatial filter to spatially filter light entering the device firom the first multiple channel port. 

5. A device as recited in claim 2, wherein the first light focusing unit substantially 
collimates light propagating firom the first multiple channel port towards the plurality of single 
channel ports. 

6. A device as recited in claim 1, fiirther comprising a second light focusing imit 
disposed on the wavelength-specific optical paths between the diffraction imit and the plurality of 
single chaimel ports. 
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7. A device as recited in claim 6, wherein fhe second light focusii^ unit is a curved 

mirror. 

8. A device as recited in claim 7, wherein the curved mirror is an aspheric mirror. 

9. A device as recited in claim 8, further comprising a transmissive aspheric 
compensator disposed between the aspheric mirror and the plurality of single channel ports. 

10. A device as recited in claim 6, wherein the second light focusing unit includes a 
transmissive focusing element. 

11. A device as recited in claim 1 0, wherein the transmissive fociising element 
includes an aspheric lens. 

12. A device as recited in claim 1, wherein tiie diffraction unit includes at least a third 
transmission diffraction unit disposed on the wavelength-specific optical paths between the first 
multiple channel port and the plurality of single chamel ports. 

13. A device as recited in claim 1 , wherein at least one of the first and second 
transmission difi&action elements has a diffiraction efSciency for TE polarization having a value 
that is within less than 10% of a value of dif&action efficiency for TM polarization. 

14. A device as recited in claim 1, wherein at least one of the first and second 
transmissive diffiraction elements includes an encapsulated diffiractive structure on a substrate: 

15. A device as recited in claim 1, wherein at least one of the first and second 
transmissive diffraction elements includes a first substrate having a first dififractive structure on a 
first sur&ce and a second substrate having a second diffiractive structure, a mirror image of the 
first diffractive stmcture, on a second surface, the first surface of the first substrate being 
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attached to the second surface of the second substrate with the first dififractive structure aligned 
to the second dif&active structure. 

16. A device as recited in claim 1, wherein at least one of tiie first and second 
transmissive diffiaction elements includes a linear grating. 

17. A device as recited in claim 1, wherein at least one of the first and second 
transmissive diffiraction elements includes a grating having a groove spacing that is nonuniform 
across the grating. 

18. A device as recited in claim 1 7, wherein the at least one of the first and second 
transmissive diffraction elements both focuses and diffracts light 

19. A device £is recited in claun 1, wherein at least one of the first and second 
dififraction elements mcludes a first diffractive segment having a high diffraction efficiency for a 
first polarization and a diffiraction efficiency of approximately zero for a second polarization 
orthogonal to the first polarization, and a second diffractive segment, parallel to the first 
diffractive segment, having a high diffiaction efficiency for the second polarization. 

20. A device as recited m claim 1 9, wherein, when randomly polarized Ught is 
incident on the first diffractive segment, the first diffractive segment diffiacts a first diffracted 
beam of light of the first polarization in a first direction and transmits light of the second 
polarization, and the second diffractive segment diffracts a second diEfracted beam of fight of the 
second polarization in a direction substantially parallel to the first direction, the first diffractive 
segment being spaced apart from the second diffractive segment so that the second diffractive 
segment is positioned clear of the first diffracted beam. 

21 . A device as recited in claim 1, fijrther comprising a polarization separation unit 
disposed between the first multiple channel port and the diffraction unit to separate light entering 
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the device from the first multiple chaxmel port into first and second polarization components 
having mutually orthogonal polarizations. 

22. A device as recited in claim 21, wherein the polarization separation unit includes a 
polarization rotator disposed on a path of at least one of the polarization components to rotate 
polarization of the at least one of the polarization components so as to parallelize polarizations of 
tiie first and second polarization components. 

23 . A device as recited in claim 2 1 , wherein the polarization separation imit includes 
beam steering optics to direct the first and second polarization components towards the 
difiGraction unit along substantially parallel paths. 

24. A device as recited in claim 21 , fiirther comprising a polarization combining unit 
disposed between the dif&action unit and the plurality of single channel ports. 

25. A device as recited in claim 24, wherein the polarization combining unit includes 
a polarization rotator to rotate polarization of one of the polarization components relative to the 
other polarization component and beam steering optics to combine the first and second 
polarization components. 

26. A device as recited in claim 2 1 , wherein the first and second polarizations are 
separated in a plane of diffraction of the device. 

27. A device as recited in claim 2 1 , wherein the first and second polarizations are 
separated in a direction out of a plane of diffraction of the device. 

28. A device as recited in claim 1, fiirther comprising a multiple channel waveguide 
coupled to the first multiple channel port. 
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29. A device as recited in claim 1 , furdier comprising single channel waveguides 
coiq)led to respective single channel ports of the plurality of single channel ports. 

30. A device as recited in claim 1, further comprising an array of single channel 
waveguides coupled to respective single chaimel ports of the pluraUty of single channel ports. 

31. A device as recited in claim 30, wherein spacings between adjacent waveguides 
are uniform across the array. 

32. A device as recited in claim 30, wherein spacings between adjacent waveguides 
vary across the array. 

33. . A device as recited in claim 30, further comprising an array of fociising elements, 
focusing elements of the array of focusing elements disposed in relationship to respective single 
chaimel waveguides of the array of single channel waveguides, the focusing elements focusing 
light received from the difi&action unit into respective single chaimel waveguides. 

34. A device as recited in claim 1, wherein multiple channel light propagates from the 
&st multiple channel port to the plurality of single channel ports. 

35. A device as recited in claim 1 , wherein light propagates from single channel ports 
of the plurality of single channel ports to the first multiple channel port. 

36. A device as recited in claim 1, further comprising photodetectors positioned at 
respective single channel ports of the plumlity of single channel ports. 

37. A device as recited in claim 36, wherein the photodetectors are individual 
photodetectors. 
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38. A device as recited in claim 36, wherein fhe photodetectors form an integrated 
photodetector array. 

39. A device as recited in claim 36, furfher comprising a signal analysis unit coupled 
to receive detection signals from the photodetectors and to analyze the received detection signals. 

40. A device as recited in claim 36, wherein a spacing between adjacent 
photodetectors is uniform. 

41. A device as recited in claim 3 6, wherein a spacing between adjacent 
photodetectors is nonuniform. 

42. A device as recited in claim 1, further comprising optical switches positioned at 
respective single channel ports of the plurality of single channel ports. 

43. A device as recited in claim 42, wherein a spacing between adjacent svsdtches is 
uniform. 

44. A device as recited in claim 42, wherein a spacing between adjacent switches is 
nonuniform. 

45. A device as recited in claim 42, fiirther comprising a control unit coupled to 
control activation of the optical switches. 

46. A device as recited in claim 42, wherein at least one of the optical switches has at 
least first and second operative states, the at least one of the optical switches reflecting Ught that 
has propagated from the first multiple channel port in the first operative state. 
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47* A devicse as recited in claim 46, wherein in the first operative state, the at least one 

of the optical switches reflects light that has propagated from the first multiple channel port back 

to the first mtiltiple channel port. 

t 

48. A device as recited in claim 46, wherein in the first operative state, the at least one 
of the optical switches reflects light between the first multiple channel port and a second multiple 
channel port. 

49. A device as recited in claim 48, wherein, in the second operative state, the at least 
one of tihie optical switches reflects light between the first multiple chamel port and a third 
multiple chaimel port. 

50. A device as recited in claim 49, wherein the at least one optical switch has at least 
a third operative state, the at least one optical switch reflecting light between the first multiple 
channel port and a fourth multiple channel port when in tiie third operative state. 

51. A. device as recited in claim 48, further comprising a first focusing system on the 
wavelength-dependent light paths between the first multiple channel port and the diffiaction unit 
to coUimate light entering the device firom the first multiple channel xmit, and a second focusing 
system, separate from the first focusing system, disposed to focus light reflected from the optical 
switches to the second multiple chaimel port. 

52. A device as recited in claim 5 1 , fiarther comprising a third focusing system 
between the dififraction imit and the optical switches, light reflected by the optical switches in the 
fiarst and second operative states being focused by at least one common focusing element of the 
third focusing system. 

53. A device as recited in claim 48, further comprising a third focusing system on the 
wavelength-dependent light paths between the first mxiltiple channel port and the diffraction unit 
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and on light pa&s between the di£fraction unit and at least the second multiple channel port, at 
least one focusing element of the third focusing system being common to light paths of the first 
and second multiple channel ports. 

54. A device as recited in claim 53, further comprising a fourth focusing system 
between the diflGraction unit and the optical switches, the fourth focusing system having at least 
one light focusing element to foctis light from the diffiraction unit to the optical switches, light 
reflected by the optical switches being incident on the at least one focusing element irrespective 
of operative states of the optical switches. 

55. A device as recited in claim 46, wherein, in the second operative state, the at least 
one of the optical switches transmits the light that has propagated from the first multiple channel 
port 

56. A device as recited in claim 55, further comprising a wavelength multiplexer 
coupled to the single channel ports to produce a multiplexed output signal from light transmitted 
through the at least one of the optical switches. 

57. A device as recited in claim 42, wherein the optical switches are disposed at 
respective focus points of Ught propagating from the diffraction unit to the plurality of single 
channel ports. 

58. A device as recited in claim 42, wherein the optical switches are disposed beyond 
respective focus points of light propagating from the diffraction unit to the plurality of sin^e 
channel ports. 

59. A device as recited in claim 42, herein the optical switches include flat reflective 
surfaces. 
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60. A device as recited in claim 42, wherein the optical switches include curved 
reflective surfaces. 

61 . A device as recited in claim 1 , wherein the diffraction unit and a focusing system 
to focus light from the drffiraction unit to the single chaimel ports are mounted in an integral 
frame. 

62. A device as recited in claim 61, ftirther comprising a collimation imit mounted in 
the integml frame, the collimation unit including one or more lenses to collimate light entering 
the multiple channel port from a multiple channel waveguide. 

63. A device as recited in claim 61, further comprising a light handling unit disposed 
at a first end of the integral frame, proximate the single channel ports, to detect light from the 
diffraction unit. 

64. A device as recited in claim 63, further comprising a first electronic circuit for 
controlling operation of the light handling imit, the first electronic circuit being moimted on at 
least a first side of the integral frame and coupled to the Ught handling unit array by a flexible 
electronic coupling. 

65. A device as recited in claim 64, further comprising a second electronic circuit 
mounted on a second side of the integral frame opposite the first side. 

66. A device as recited in claim 64, further comprising a cover over the electronic 
circuit, electrical conduits passing through the cover to coimectors on the electronic circmt. 

67. An optical communications system, comprising: 

an optical transmitter, tiie optical transnoitter transmitting a multiple channel 
commimications signal; 
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an optical receiver to detect optical signals carried in multiple optical channels; 
a fiber-optic communications link coupled to transport the multiple channel 
communications si^al from the optical transmitter to the optical receiver; 

wherein one of the optical transmitter, the optical receiver and the fiber-optic 
communications link includes a multiple wavelength device having 
a first multiple channel port; 
a plurality of single channel ports; a^d 

a difi&action unit disposed between the first multiple channel port and the 
plurality of single channel ports, the dif&action unit defining wavelength-specific 
optical paths between the first multiple channel port and respective single chaxmel 
ports of the plurality of single channel ports, tiie diffiaction unit including at least 
first and second transmissive diffraction elements. 

68. A system as recited in claim 67, wherein the multiple wavelength device is 
coupled to receive light from the fiber-optic conomunications link and includes photodetectors 
disposed at respective single channel ports. 

69. A system as recited in claim 68, fiirther comprising one or more fiber amplifier 
units disposed along the fiber-optic commimications link, and the multiple wavelength device is 
coupled to receive light after being amplified in one of the fiber amplifier units. 

70. A system as recited in claim 69, further comprising a signal analysis unit coupled 
to receive detection signals from the photodetectors and to analyze the received detection signals. 

71. A system as recited in claim 70, further comprising an amplifier control unit 
coupled to receive an analyzed detection signal from the signal analysis imit and coupled to the 
fiber amplifier unit to control gain flatness of the fiber amplifier unit. 
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72. A system as recited in claim 71 , wherein the amplifier control unit adjusts at least 
one of pump laser power and pump laser wavelength of the fiber amplifier unit in response to the 
analyzed detection signal. 

73 . A system as recited in claim 7 1 , wherein the amplifier control unit adjusts 
attenuation for one or more channels in a gain flattening filter in the fiber amplifier unit. 

74. A system as recited in claim 67, wherein the first multiple channel port of the 
multiple wavelength device is coupled to receive hght from the fiber-optic communications link 
and further comprising an optical cross-connect unit coupled to receive Ught transmitted firom the 
single chaimel ports of the multiple wavelength device. 

75. A system as recited in claim 74, further comprising another multiple wavelength 
device having single channel ports coupled to receive light firom the optical cross-connect unit 
and having a first multiple channel port coupled to direct the light form the optical cross^^onnect 
unit into the fiber-optic communications link. 

76. A system as recited in claim 67, wherein the multiple wavelength device is 
disposed within the optical transmitter, light fiom lasers operating at different wavelengths being 
coupled to the single chaimel ports to be multiplexed in the multiple wavelength device, the 
multiple chaimel communications signal being output firom the first multiple channel port. 

77. A system as recited in claim 67, wherein the multiple wavelength device is 
disposed within the optical receiver, the multiple channel communications signal being coupled 
into the multiple wavelength device at the first miiltiple channel port, and single channel 
detectors being coupled to receive light fiom respective single channel ports. 

78. A system as recited in claim 67, v^erein the multiple wavelength device includes 
optical switches positioned at respective single channel ports of the plurality of single channel 
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ports, the optical switches having at least a first operative state and a second operative state, the 
multiple channel communications signal being transmitted into the multiple wavelength device 
through the first multiple channel port and selected optical switches being activated into different 
operative states so as to select one or more respective channels to be separated out firom the 
multiple chaimel communications signal. 

79. A system as recited in claim 78, wherein the multiple channel commvmications 
signal is separated into individual channels by the diffraction umt, and the optical switches direct 
the individual channels to selected ones of at least second and third multiple channel ports. 

80. A system as recited in claim 78, fiarfher comprising a circiilator having at least . 
first, second and third circulator ports, the first circulator port coupled to pass light firom a local 
loop o£f the fiber optical communications link to a second circulator port coupled to the second 
multiple channel port of the multiple wavelength device, the second circulator port being coupled 
to pass light received fix>m the second multiple channel port of the multiple wavelength device to 
the local loop. 

81. A wavelength division multiplexing device for handling multiple optical 
communications chamiels, comprising: 

a first multiple channel port; 

a pluraUty of single chaimel ports corresponding to respective optical 
communications channels; 

a diffiaction imit disposed between the first multiple channel port and the plurality 
of single chamiel ports, the diE&action unit defining wavelength-specific optical paths 
between the first multiple chaimel port and the single channel ports, the diffraction unit 
including at least a first transmissive diffraction element; and 

a light handling imit disposed by the Ught dispersed region. 

82. A method of analyzing a multiple channel commimications signal, comprising: 
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dif&acting the multiple chamiel communications signal with a first transmission 
diffraction element; 

diffracting li^t fi-om the first transmission dififracting element with a second 
transnaission diffraction element; and 

focusing light from the second transmission diffiaction element so as to separate 
individual channel beams at respective single channel ports. 

83. A method as recited in claim 82, further comprising collimating the multiple 
chaimel communications signal before diffracting the multiple channel conununications signal 
with the first transmission diffraction element. 

84. A method as recited in claim 82, fiartfaer comprising spatially filtering the multiple 
channel communications signal before difGracting the multiple channel communications signal 
with the first transmission diffraction element. 

85. A method as recited in claim 82, fiirther comprising dififracting the light passing 
firom the first transmission diffraction element to the second transmission diffraction element 
with a third transmission diffraction element. 

86. A method as recited in claim 82, wherein focusing the light firom the second 
transmission diffraction element includes focusing individual channels so as to have a uniform 
distance between foci of adjacent channels. 

87. A method as recited in claim 82, wherein focusing the light from the second 
transmission diffraction element includes focusing individual channels so as to have a 
nonuniform distance between foci of adjacent channels. 
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8S. A method as recited in claim 82, wherein focusing the light fiom the second 
transmission dififraction element includes focusing the light with a transmissive focusing 
element. j 

89. A method as recited in claim 82, wherein focusing the light from the second 
transmission dif&action element includes focusing the light using the second transmission 
diffraction element 

90. A method as recited in claim 82, frirther comprising separating orthogonal 
polarization components of the multiple channel communications signal before dif&acting the 
multiple channel communications signal with the frrst transmission difiOraction element. 

91. A method as recited in claim 90, further comprising combining polarization 
components of the multiple channel communications signal after diffracting through the second 
transmission diffraction element. 

92. A method as recited in claim 82, fiiriher comprising directing the multiple channel 
commxmications signal towards the first transmission diffraction grating with a multiple channel 
waveguide. 

93. A method as recited in claim 82, further comprising propagating the individual 
channels from the respective single channel ports along respective single channel waveguides. 

94. A method as recited in claim 82, further comprising detecting the individual 
chaxmels at the respective single channel ports using respective photodetectors. 

95. A melhod as recited in claim 94, wherein the photodetectors are individual 
photodetectors. 
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96. A meHiod as recited in claim 94, wherein the photodetectors form an integrated 
photodetector array. 

97. A method as recited in claim 94, furflier comprising analyzing detection signals 
produced by the photodetectors. 

98. A method as recited in claim 97, further comprising adjusting gain flatness of a 
fiber amplifier unit in response to analyzing the detection signals. 

99. A method as recited in claim 82, further comprising selectively switching 
propagation direction of the individual chaimels at their respective single channel ports. 

1 00. A method as recited in claim 99, wherein selectively switching propagation 
direction includes selecting between reflecting individual channels and transmitting the 
individual channels through their respective single channel ports. 

101. A method as recited in claim 100, \^erein reflecting individual channels includes 
retroreflecting individual channels. 

102. A method as recited in claim 100, wherein reflecting individual channels includes 
reflecting individual chaimels received fi:om the first multiple chaimel port to a second multiple 
channel port. 

1 03 . A method as recited in claim 99, wherein selectively switching propagation 
direction includes selecting between reflecting individual chaimels to one of at least two multiple 
channel ports. 

104. A method as recited in claim 103, wherein the at least two multiple channel ports 
include a second and a third multiple channel port different form the first multiple channel port. 
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105. A system for analyzing a multiple channel commmiications signal, comprising: 
means for difGracting the multiple channel commimications signal with a first 

transmission difOraction element; 

means for dif&actmg light firom the first transmission difOracting element with a 
second transmission diffraction element; and 

means for focusing light fi-om the second transmission diffiaction element so as to 
separate individual channel beams at respective single channel ports. 

1 06. A system as recited in claim 1 05, fbrfher comprising means for propagating the 
individual channels firom the respective single chazmel ports along respective single chaxmel 
waveguides. 

107. A system as recited in claim 1 05, fiirther comprising means for detecting the 
individual channels. 

108. A system as recited in claim 105, further comprising means for selectively 
switching propagation direction of the individual channels at ttieir respective single channel 
ports. 

109. A method of combining communications chaimels to produce a multiple 
conununications signal, comprising: 

diffi-acting at least first and second commxmications channel beams with a first 
transmission diffraction element; and 

diffracting the first and second communication channel beams with at least a 
second transmission diffraction element so that the at least first and second 
communications channel beams are spatially overlapped and propagating along a 
common direction. 
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110. A method as recited in claim 1 09, further comprising, before diffracting the at 
least jBrst and second commiinications channel beams ^th the first transmission diffraction 
element, focusing the at least first and second communications channel beams so that the at least 
first and second commmrications channels are substantially collimated after diffracting off the at 
least a second transmission diffraction element. 

111. A method as recited in claim 1 09, further comprising focusing the at least first and 
second communications channel beams to a miiltiple channel waveguide. 

112. A method as recited in claim 109, further comprising separating each of the at 
least first and second communications channel beams into polarization components having 
orthogonal polarizations. 

1 13. A method as recited in claim 1 12, further comprising combining the polarization 
components after diffiracting the at least first and second commtinication chaimel beams with at 
least the second transmission diffraction element. 

114. A device for combining communications chaimels to produce a multiple 
communications signal analyziag a multiple channel commimications signal, comprising: 

means for diffracting at least first and second communications channel beams 
with a first transmission diffiaction element; and 

means for diffracting the first and second communication chaimel beams with a 
second transmission diffiraction element so that the at least first and second 
communications channel beams are spatially overlapped and propagating along a 
common direction. 

115. An optical system, comprising: 



66 



SDOCID: <WO_02067475A2_L> 



* wo 02/067475 PCT/IB02/01869 



a fiame having &st and second members, the first member having a plurality of 
first slots across a first face opposing the second member, the second member having a 
plurality of corresponding second slots across a second face opposing the first member; 

a plurality of plates, a first side of each plate positioned in a fibrst slot and a second 
side of each plate positioned in the second slot corresponding to the respective first slot; 
and 

optical elements mounted on the plurality of plates in positions forming an optical 
path in the optical system. 

116. An optical system as recited in claim 115, fiirther comprising a housing to house 
the firame and plates. 

117. An optical system as recited in claim 115, wherein the plurality of optical 
elements includes a lens system of one or more lenses mounted on one or more plates close to a 
first end of the fi*ame. 

118. An optical system as recited in claim 117, wherein the plurality of optical 
elements includes at least one li^t dispersing element. 

119. An optical system as recited in claim 118, wherein the at least one light dispersing 
element includes first and second transmission diffraction elements mounted on one or more 
plates proximate a second end of the firame, the first transmission difiSraction element mounted in 
a position to receive a beam of light entering the optical system through the lens system. 

120. An optical system as recited in claim 1 19, wherein the plurality of optical 
elements includes a focusing mirror to focus light received firom the second transmission 
diffraction element toward the second end of the fiame. 
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121. An optical system as recited in claim 115, wherein the plurality of optical 
elements includes at least one transmissive optical element mounted on a transmission plate, the 
transmission plate being provided with at least one respective hole where the at least one 
transmissive optical element is moxmted so as to permit light to pass through the transmission 
plate and the at least one transmissive optical element. 

1 22. An optical system as recited in claim 115, wherein the plurality of optical 
elements includes at least one reflective optical element mounted on a reflection plate. 

123. An optical system as recited in claim 122, wherein the reflection plate is provided 
with a hole to permit passage of a beam of light through the a portion of the reflection plate 
where the at least one reflective optical element is not moxmted. 

124. A method of assembling an optical system, comprising: 

mounting optical elements on respective plates having first and second opposing 
edges; and 

mounting each plate in corresponding slots on first and second members of a 
firame so as to passively align the optical elements, thus forming the optical system. 

125. A method as recited in claim 124, wherein mounting each plate includes sliding 
the first and second edges of each plate into the corresponding slots on the first and second 
members. 

126. A method as recited in claim 124, wherein mounting each plate follows mountiag 
the optical elements. 

127. A method as recited in claim 124, further comprising mounting a transmissive 
optical element over an aperture provided in a respective plate. 
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128. A method as recited in claim 124, further comprising mounting a reflective optical 
element on a respective plate having an aperture th^through, the reflective optical element 
being mounted so as to leave the aperture clear Tor an optical path when the plate is mounted in 
the frame. 
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